Abstract
Introduction
Glyphosate resistant (GR) Canada fleabane [Conyza canadensis (L.) Cronq.] was first discovered in Ontario, Canada in 2010 at eight sites in Essex County [1] . By 2012, 155 sites in eight Ontario counties had been confirmed with GR Canada fleabane [1] . Glyphosate resistant Canada fleabane has spread rapidly across southwestern Ontario because of its fecundity (up to 1 million seeds/plant) [2] and the long pappus attached to the small seed (1.3 mm long by 0.3 mm wide) which allows the seed to be wind dispersed up to 500 km from the parent population [3] [4]. Canada fleabane is well adapted to no-tillage crop production systems because its germination success is the greatest when the seed is on the soil surface [2] . Canada fleabane begins growth as a rosette and bolts later in the growing season, reaching up to 180 cm in height [5] . Canada fleabane seeds can germinate year round, with the majority of seeds germinating in autumn and overwintering as a rosette and a smaller proportion of seeds germinating in the spring; this prolonged germination makes herbicide application timing very difficult [6] .
With the development of GR weeds, older herbicide modes of action, including 2,4-D, are being used for control. The herbicide, 2,4-D, was developed during the 1940s and provides control of broadleaf weeds [7] . Although the first herbicide resistant weed was 2,4-D resistant wild carrot (Daucus carota L.) in the 1950s there are only 17 species resistant to 2,4-D today [8] . Wild carrot is the only specie in Ontario that has previously been found to be resistant to 2,4-D [8] . 2,4-D is a growth hormone that causes the transcription of genes that are normally repressed leading to uncontrolled plant growth and eventually plant death [9] . This herbicide is rapidly broken down in the soil within 17 -38 days, and therefore does not provide long residual activity [10] . One concern with the use of 2,4-D, is that it may result in injury to sensitive crops in adjacent fields because it is volatile and can result invapour drift [11] [12] . The 2,4-D ester formulation is more volatile than the 2,4-D amine [13] . The 2,4-D choline formulation is designed and has demonstrated to be less volatile as well [9] . The 2,4-D choline formulation will be sold in a pre-mix with glyphosate (dimethylamine) DMA [9] . The combination of the choline salt with the manufacturer's formulation science of this herbicide has resulted in 88% -96% less vapour loss compared to other forms of 2,4-D [14] . The 2,4-D choline/glyphosate DMA formulation combined with coarse droplet sized nozzle tips has resulted in 90% less drift compared to a tank mix of 2,4-D amine and glyphosate applied with medium droplet sized nozzle tips [14] . The 2,4-D choline/glyphosate DMA pre-mix herbicide will be introduced in combination with soybean, cotton and corn cultivars/hybrids that are resistant to this herbicide pre-mix [9] . Some other positive attributes of this new formulation include a reduction in odour, and an increase in stability at cold storage temperatures [9] . The 2,4-D choline/glyphosate DMA pre-mix also reduces tank mix problems that can occur with other salt formulations, for example 2,4-D amine combined with potassium salt formulation of glyphosate produces a precipitate that clogs nozzles [9] .
The labelled rate of the 2,4-D choline/glyphosate DMA in Canada will be 1720 g•ae•ha −1 which includes 840 g•ae•ha −1 of 2,4-D and 880 g•ae•ha −1 of glyphosate. There have been conflicting reports in the literature on the effect of Canada fleabane size on 2,4-D efficacy. Kruger et al. [15] reported that 2,4-D ester and amine (560 g•ae•ha −1 ) provided equivalent control (90%) of Canada fleabane at 0.5 to 30 cm in height. However, Kruger et al. [16] found that 2,4-D amine applied to Canada fleabane over 30 cm in height provided 81% control. Keeling et al. [17] found that 2,4-D ester (600 g•ae•ha −1 ) provided 97% and 50% -60% control of rosette sized (less than 10 cm) and 10 -15 cm tall Canada fleabane, respectively. These studies show variable control of Canada fleabane with 2,4-D ester and amine. In addition, Kruger et al. [16] reported that the various salt formulations of 2,4-D and dicamba influence efficacy on GR Canada fleabane biotypes differently. These studies show variable control of Canada fleabane with 2,4-D ester. Consequently, it is important to determine the efficacy of 2,4-D choline/glyphosate DMA applied to Canada fleabane at different sizes.
The objective of this research was to determine the required dose of 2,4-D choline/glyphosate DMA needed to effectively control GR Canada fleabane at 10, 20 and 30 cm height.
Materials and Methods

Greenhouse Studies
This experiment was repeated twice in the summer of 2012 with four replications for each run. The replications were randomly arranged in the greenhouse to ensure lighting was similar for the three size classes of Canada fleabane. Seven rates of 2,4-D choline/glyphosate DMA (0, 107.5, 215, 430, 860, 1720, 3440 g•ae•ha [1] . These plants were placed in the greenhouse and given a chance to recover from the transplant shock before the herbicide treatments were applied. This experiment was conducted in the summer and therefore only natural light was used, with the shade cloth across, the photoperiod during this time of the year was 16 h of natural light. The GR Canada fleabane was watered with tap water after transplanting and every morning for the duration of the experiment, fertilizer was not applied.
The plants were sprayed with the different rates of 2,4-D choline/glyphosate DMA in a chamber sprayer with a single 80-02 flat fan nozzle. The spray chamber shelf was adjusted for the different sized plants, so that the top of the canopy was 45 cm below the spray nozzle. The spray chamber was set at 2.15 km•h −1 with a pressure of 280 kPa. Control ratings were taken 1, 7, 14, 21 and 35 days after the application (DAA). At day 35, any living plants were harvested at the soil line, placed in the dryer at 60˚C (approx. 2 weeks), and the dry weight was recorded.
Field Studies
Field trials were completed over two summers (2012 and 2013) at Ontario farms with confirmed glyphosate resistant (GR) Canada fleabane [1] . There were six sites in total; three sites near Harrow (L2, L3, and L5), two near Windsor (L1 and L6) and one near Ridgetown (L4 ) were applied to Canada fleabane that were 10, 20 or 30 cm tall. The diameter/height was used for the 10 cm trial because if the plant bolted before it reached 10 cm in diameter the height was used. The 10 cm Canada fleabane experiment from the L3 site (Harrow) in 2012 was moved to the Windsor location (L1), due to limited space at the Harrow location. Roundup Ready corn was no-tilled at all sites in the spring. Soil samples were taken and characteristics for each site are summarized in Table 1 .
All three experiments were established using a randomized complete block design with four replications. Experimental units were 2.5 m wide by 8 m long, with a 2 m walkway between each replication. There was an untreated (weedy) and weed-free control in each replication. The treatment timing was dependent on the Canada fleabane size and not the corn growth stage; application date and corn growth stage at the time of the application are summarized in Table 2 . Herbicide treatments were applied using a CO 2 -pressurized backpack sprayer calibrated to deliver 200 L•ha −1 at 240 kPa. The boom was 1.5 m long with four ultra-low drift nozzles (ULD120-02, Hypro, New Brighton, MN) spaced 50 cm apart.
Canada fleabane control ratings were based on a 0% -100% scale, 0 meaning no control and 100 meaning complete control. Canada fleabane control ratings occurred 1, 2, 4, and 8 WAA. At 8 WAA, weed counts and weed harvests were taken using two 0.25 m 2 quadrats/treatment, the Canada fleabane in each quadrat was counted and cut at the soil surface. These samples were dried at 60˚C, and the dry weight was recorded. 
Statistical Analysis
The data were subjected to an ANOVA using the PROC MIXED procedure in the SAS 9.1 program. Variance of Canada fleabane control for each size (10, 20, 30 cm) was partitioned into fixed effects (herbicide treatment) and random effects (environment/run (for greenhouse), replication within environment/run and treatment by environment/run interactions). A Type 1 error rate of 0.05 was used for all statistical tests. Z-tests were used to determine the significance of the random effects and F-tests were used to test the significance of the fixed effects. The significance of the environment/run by treatment interaction was used to determine if the sites could be combined. The assumptions of the analysis (errors are random, homogenous, independent of effects and normally distributed) were examined by plotting the residuals as well as examining the Shapiro-Wilk test of normality. If necessary, a transformation of the data (natural log, square root or arcsine square root) was applied to help meet the assumptions. A non-linear regression analysis was conducted on all data using the PROC NLIN procedure in the SAS 9.1 (SAS Institute, Cary, NC). The I50 values were compared to determine if there was a difference in control with 2,4-D choline/glyphosate DMA when applied to different sizes of Canada fleabane. The log-logistic model was used [18] :
In this equation Y stands for the percent control of Canada fleabane, C is the lower limit, D is the upper limit, b is the slope of the line (negative for control, positive for dry weight and density) and the I50 is the rate that provides a 50% response between the upper and lower limits [18] . The ED50, 80 and 95 represent the rate that provides 50%, 80% and 95% control of Canada fleabane, respectively. These values were determined by entering 50, 80 and 95 as the Y value and plugging the D, C, B and I50 values from the PROC NLIN procedure to solve for X or the rate. For the dry weight and density 50, 20 and 5 were used as the Y values.
Results and Discussion
Greenhouse Studies
The D values (upper limit) 1 day after application (DAA) of 2,4-D choline/glyphosate DMA on 10 cm, 20 cm and 30 cm tall Canada fleabane plants were 100, 46 and 46, respectively (Tables 3-5 ). The I50 values 1 DAA, varied as well, 52,093, 335 and 965 for the 10, 20 and 30 cm trials, respectively (Tables 3-5) . To achieve 50%, 80% and 95% control 1 DAA of 2,4-D choline/glyphosate DMA on 10 cm tall Canada fleabane a rate greater than the highest rate applied, 3440 g•ae•ha −1 , was needed ( Table 3) . There were no rates 1 DAA of 2,4-D choline/glyphosate DMA applied to 20 cm and 30 cm tall plants that provided 50%, 80% or 95% control of the Canada fleabane ( Table 4, Table 5 ). The application of 2,4-D choline/glyphosate DMA on 10 cm tall plants at 7 DAA had a lower I50 value of 190 compared to the 20 cm trial, 5132, and 30 cm trial, 3747 (Tables 3-5) . At 7 DAA, the rate of 2,4-D choline/glyphosate DMA required to provide 50% and 80% control of 10 cm tall Canada , respectively ( Table 3) . At 7 DAA, the rate of 2,4-D choline/ glyphosate DMA required to provide 50% control of the 20 and 30 cm tall Canada fleabane was 5132 g•ae•ha −1 and 5238 g•ae•ha −1 , respectively (Table 4 and Table 5 ). These rates are higher than the highest rate of 2,4-D choline/glyphosate DMA applied in the greenhouse (3440 g•ae•ha (Table 5) . Overall, at 21 DAA, a higher rate was required to control the larger Canada fleabane. These results are similar to Keeling et al. [17] , who determined that higher rates of 2,4-D ester were needed to control larger Canada fleabane plants. At 35 DAA, similar rates of 2,4-D choline/glyphosate DMA provided 50%, 80% and 95% control of the three sizes (10, , respectively, where the 10 cm tall Canada fleabane needed a lower rate of 143 g•ae•ha −1 to provide 50% control (Tables 3-5 ). To provide 80% and 95% control of the Canada fleabane according to the dry weight information a rate could not be determined for the 10 cm tall plants, but a rate higher than 13,760 g•ae•ha −1 was required to provide 80% or greater control of the 20 cm tall plants and for the plants 30 cm tall a rate of 8045 g•ae•ha −1 was needed to achieve 80% and a rate greater than 13,760 g•ae•ha −1 was needed to provide 95% control. According to this dry weight data a lower rate controlled the 10 cm Canada fleabane plants, but the 20 and 30 cm tall plants required similar rates to provide 50%, 80% and 95% control of the GR Canada fleabane. , respectively (Tables 6-8) . Overall, these rates are very similar and the larger Canada fleabane did not appear to require a higher rate of 2,4-D choline/glyphosate DMA. However, a rate higher than 1720 g•ae•ha −1 of 2,4-D choline/glyphosate DMA in some circumstances maybe required or tank mixed with another product to achieve 95% control of GR Canada fleabane.
Field Studies
The I50 value and the ED50, 80 and 95 values for dry weight were lower at 30 cm than at the 10 or 20 cm application timings. ) in height at the time of application (Tables 6-8) . We speculate the reason for a lower ED50, 80 and 95 value for the dry weight data in the 30 cm timing is that newly emerging Canada fleabane was found in the 10 and 20 cm trial due to 2,4-D's short soil residual activity and they were harvested [10] . The density data reflected the dry weight data showing that the GR Canada fleabane that was 10 cm in height at the time of application required a higher rate to achieve 50% and 80% control compared to Canada fleabane that was 20 or 30 cm tall, we again speculate that this was due to newly emerging Canada fleabane found in the early applications of 2,4-D choline/glyphosate DMA. Overall, applying 2,4-D choline/glyphosate DMA to larger Canada fleabane does not reduce the efficacy of this herbicide. These findings are similar to Kruger et al. [6] , who reported the control of 30 cm tall Canada fleabane plants with 2,4-D ester was the same as when it was applied to rosette sized plants.
Conclusion
The efficacy of 2,4-D choline/glyphosate DMA for the control of GR Canada fleabane was not influenced by size (10, 20 or 30 cm tall) of the Canada fleabane at the time of application in the field experiments. There were some differences in control of the three size classes of GR Canada fleabane in the greenhouse experiments, requiring a lower rate of 2,4-D choline/glyphosate DMA to control the 10 cm tall Canada fleabane compared to the 20 and 30 cm tall plants. However, similar rates of 2,4-D choline/glyphosate DMA provided 50%, 80% and 95% control of the 20 and 30 cm tall GR Canada fleabane in the greenhouse, which is comparable to the field experiments.
